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|. Introduction

This progress report summarizes achievements in Dr. Adibi’s research group at Georgia Institute
of Technology in the area of All-Optical Photonic Integrated Circuits in Silicon, supported by
Air Force Office of Scientific research (AFOSR) PECASE award since December 2005. Only
major achievements with very brief description are listed in this report. Detailed information can
be found in the recent publications or can be directly requested from Dr. Adibi.

This AFOSR-supported research was started in December 2005 and is directed toward exploiting
and enhancing the linear and nonlinear optical properties of silicon micro/nano cavities for chip-
scale sensing and signal processing. To achieve this goal, in what follows, different steps
(including theoretical and modeling tools development, microcavity fabrication and
characterization techniques, and methods to develop chip-scale devices) to realize this chip-scale
signal processing will be discussed. Our research in this field has already resulted in a number of
scientific publications and technical presentations. A complete list of journal papers and
conference presentations is included at the end of this report. AFOSR support has been
acknowledged in all these publications and presentations.

I1. Research Accomplishments

I1.A. Systematic design and fabrication of high-Q Microresonators in Si and SiN

I1.A.1 Theoretical study and demonstration of high-Q resonators in Si

Recently, ultra high Q silicon undercut microdisk resonators were demonstrated, and a detailed
study of the many of the non-idealities of the high Q silicon microdisk structures including
intrinsic material absorption, Rayleigh scattering from surface roughness due to fabrication
imperfections, and surface state absorption was presented. However, the implementation of
microdisk structure in was limited to undercut microdisk resonator geometry. In such an
undercut microdisk, the SiO, layer beneath the Si microdisk is etched resulting in the removal of
the silica substrate, and therefore, the microdisk is left isolated from the surrounding. Such
undercut microdisk architecture exhibits several challenges in terms of integrating with active
electronic functionalities such as metal-oxide-semiconductor (MOS) transistors and p-n junction.
Furthermore, the narrow SiO, post supporting the undercut microdisk, results in a large thermal
resistance from the active microdisk cavity to the Si substrate. Hence, this results in thermal
bistability and other unwanted non-ideality as we increase the input optical power impinging on
the microdisk cavity. Another challenge with the undercut structures is the difficulty in having a
robust and suspended silicon waveguide coupled to the disk.

For the goal of integrating several chip-scale functionalities with the microdisk resonator it is
essential to use Si-based waveguides for input/output coupling to the microdisk resonator. While
undercutting a microdisk resonator is relatively easy, using an undercut waveguide for coupling
light to such an undercut resonator is not trivial. For mechanical stability and low-loss
performance of the integrated photonic structures it is highly desirable to keep the SiO, layer
underneath the Si structures intact. In a recent work, by developing advanced fabrication
techniques, we were able to implement and experimentally demonstrate a Si microdisk resonator
on a substrate with a Q~0.5x10°. This motivated us to investigate the impact of silica substrate
on the Q of the resonator.



In order to assess the impact of the silica substrate, we performed a detailed theoretical study on
the effect of oxide substrate on the Q of the microdisk resonator. Two structures were considered
for this study, namely a conventional SOI microdisk as shown in Figure 1.a, where the Si layer is
completely etched, and a microdisk on Si pedestal as shown in Figure 1.b, where the Si layer is
partially etched and as a result a thin Si pedestal layer is left underneath the microdisk. In the rest
of the paper we refer to these two architectures as conventional and pedestal microdisks
respectively.

There are two main advantages of the pedestal microdisk, namely the silicon pedestal reduces the
thermal resistance of the microdisk and also facilitates its integration with active electronics such
as MOS transistors and p-n junctions. For instance, nonlinear optical applications in silicon
suffer from optical power limitations due to two-photon absorption (TPA) generated free
carriers. Using the pedestal microdisk architecture, we could potentially integrate a reverse-bias
p-n junction with the resonator and sweep the TPA-generated free-carriers away from the
microdisk active region.

In the simulations of the structures in Figures 1.a and 1.b, we used the finite-element method
(FEM) with incorporation of a perfectly matched layer (PML) absorbing boundary condition.
The simulation for a microdisk with a Si of thickness 230 nm and a radius 10 um resulted in a
radiation Q>10%. For the pedestal microdisk, similar results were obtained. Therefore, we
conclude that the ultimate limit on the achievable Q is limited mostly by the fabrication
limitation and other non-idealities in the device and not by the radiation into the SiO, layer. The
major non-idealities are: 1) two-photon absorption assisted free-carrier generation, 2) surface
absorption due to the simultaneous presence of sidewall roughness and surface electronic states,
and 3) thermal resistance. Thus, our theoretical results suggest that this high Q’s obtained for
undercut microdisk structures, should be achievable in the microdisk-on-oxide structures
(without undercutting). To investigate this observation experimentally, we performed more
improvement on the fabrication steps and implemented a series of microdisk resonators with 20
um radius on a SOI wafer.
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Fig. 1. (a) The cross section of a Si microdisk resonator on oxide substrate, the silicon thickness is 230 nm. (b) The
cross section of a pedestal microdisk resonator on oxide substrate; the Si shallow and deep layers have the
thicknesses of 60 nm and 225 nm respectively. The energy profile of the fundamental radial TE (electric field
predominantly in the plane of the microdisk) mode is shown in the figures. In both cases the disk radius is 20 um.

Device fabrication

By developing a fine etching and fabrication recipe, we were able to fabricate microdisk cavities
with smooth sidewalls on SOI. Figure 2 shows the structure of the microdisk resonator coupled
to a ridge waveguide. The structure is fabricated on SOITEC SOI with device thickness of 250
nm and buried oxide (BOX) thickness of 3 um. Fabrication steps starts with growing a 60 nm



thermal oxide on SOI wafer as a hardmask. An electron-beam resist ZEP-520A with a thickness
of 350 nm is spin coated on the wafer. Then, the structure pattern is transferred onto the wafer
using a JEOL-9300 electron-beam-lithography system. Prior works in high Q Si microdisks have
used the resist reflow process to smooth the microdisk sidewall. In this work, we do not use this
process due to the tight resolution requirements for the waveguide-resonator gap, and controlling
the sidewall angle in the waveguide and the resonator.

200nm
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Fig. 2. (a) SEM micrograph of a Si microdisk resonator side-coupled to a waveguide; the
disk radius is 20 gm and its thickness is 225 nm. The waveguide width is 550 nm and the
gap between the disk and the waveguide is 220 nm. (b) A closer view of the structure at the
waveguide-cavity coupling region. (c) Sidewall of the microdisk captured at an azimuth
angle 30° and sample tilt angle 30°.

In order to define the structure, a two-step etching process is used. The first step is to etch the
hard mask with CF,/CHF3/Ar gases in inductively coupled plasma (ICP). Then, the resist left on
top of the structure is removed and therefore an oxide layer is left on top of the structure as a
hardmask. The final step is etching the silicon with Cl, in the ICP chamber. The resulting
structure as shown in Figure 2 is a microdisk with radius of 20 um, a ridge waveguide with width
550 nm and the gap between the microdisk and the waveguide is 220 nm. The measured sidewall
angle was more than 85°. The thickness of the silicon is 225 nm and a thin layer of thermal oxide
is left on top of the structure. The effect of this thin thermal oxide on the top of the microdisk
may improve the interface properties and consequently the Q of the cavity. This issue is under
more investigation.

Experimental results

Figure 3(a) shows the spectrum of the microdisk resonator shown in Figure 2. The measurement
was done using a swept-wavelength test setup. A fiber polarization controller followed by a
polarizer was used to control the input polarization state to the device. We used standard
objective lens for coupling into and out of the device. Conventional adiabatic tapering was used
at the waveguide input facet in order to reduce the insertion loss. Unless otherwise specified, all
the measurement results reported in this paper use the TE-polarized light. The laser scan rate was
slower than the cavity loading time in order to allow efficient cavity build-up and to obtain
meaningful resonance spectrum. During each measurement cycle, the laser was repeatedly
scanned several times over the resonant feature to monitor the variations in the resonance
spectrum. As can be seen from Figure 3(a), several different resonant modes with Q’s ranging
from 1.5x10° up to 2.0x10° were observed, corresponding to different radial mode orders. Based
on the resonance wavelength observed in experiment and theory, we could identify the radial
mode order of each of the high Q modes in Figure 3(a).
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Fig. 3. (a) Spectrum of the microdisk resonator shown in Figure 2 for TE polarization. (b) An ultra-high Q=2x10°
was observed for the 2" order radial mode at resonance A=1520.188 nm. The location of the resonance in the
experiment corresponds with the simulation results.

The first few radial mode orders, observed in the experiment, all exhibited a Q > 10°. Figure 3.b
shows the maximum Q-~2x10° that was observed. To our knowledge, this is the highest Q
reported for a planar silicon microdisk of this radius for conventional disk-on-substrate. The
power extinction for each of these resonant modes varies, due to deviations from the critical
coupling condition caused by changes in the waveguide-cavity coupling as well as changes in the
intrinsic Q of these modes.

Pedestal microdisks, such as the one shown in Figure 1(b), were also fabricated and
characterized. The disk radius and the input/output coupling waveguide are identical to the
microdisk shown in Figure 2, with the only difference being that by controlling the etching depth
of the microdisk, we leave a thin pedestal layer of silicon under the resonator. FEM simulations
show that the radiation Q of this structure is very large (Q > 10™°). Hence, we anticipate that the
Q is limited only by the fabrication imperfections, surface roughness, and other non-idealities.
Figure 4 shows the SEM cross section of this device. From the SEM measurement, the thickness
of the thin pedestal layer, after the fabrication, was in the range 63 nm = 3 nm. As can be seen
from this figure, trenching is observed at the interface of the device and the pedestal layer. This
trench formation, which is typical in Cl, chemistry based plasma etching of silicon, can be
further reduced by more optimization of the Si etch recipe.

Figure 5.a shows the spectrum of this pedestal microdisk. Figure 5.b shows the resonance
spectrum of the 2™ order radial mode. As it can be seen from this figure, resonance splitting is
observed for this mode. Lorentzian fitting, taking resonance splitting into account, yielded an
intrinsic (unloaded) Q of about 3.0x10° in this pedestal microdisk architecture. This, to our
knowledge, is the first demonstration of this unique microdisk architecture, and is also the
highest recorded Q for a microdisk cavity on substrate. We anticipate this pedestal microdisk to
be an enabling device platform suitable for integration with p-n junctions and other active
electronic components with great potential to be used for modulation and switching applications.
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Fig. 4. SEM cross section of the pedestal type structure captured at a sample tilt angle of 30°. The microdisk radius
and thickness are 20 um and 225 nm respectively, and the thickness of the shallow pedestal layer is 65 nm.
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Fig. 5. (2) Spectrum of the pedestal microdisk resonator coupled to a waveguide for TE polarization. (b) Spectrum of
the 2" order radial mode; mode-splitting due to the coupling of CW and CCW is observed. The disk radius and the
input/output coupling waveguide are identical to the conventional microdisk shown in Figure 2.

Ultra high Q resonator on a thin SiO2 substrate

In our previous experiments the thickness of the oxide substrate was 3um to guarantee the optical
isolation of the microdisk from the underneath Si bulk layer. As will be discussed later, a major
challenge in ultra high Q resonator is thermal stability of the resonator which requires a large
conductivity to suppress the thermal instability and spectral broadening. The presence of the
substrate improves the thermal conductivity by transferring the heat from the microdisk to the
underneath bulk Si layer. Although a thinner oxide substrate results in a better conductivity, it
can increase the radiation of the cavity electromagnetic mode to the underneath Si layer.

Our FEM simulations for a microdisk on a 1 xm oxide thickness show an intrinsic Q~10°.
Therefore, the cavity Q is not limited by a substrate with this level of thickness, and still the
fabrication imperfection and other non-idealities limit the Q. To experimentally investigate this
fact, we fabricated a new series of microdisk resonators on a SOI wafer with a 1 um thickness.
Figure 6 shows the SEM image of such a microdisk. It is a pedestal type as schematically
explained in Fig. 1(b). The fabrication process steps were as explained in Section 3 with adding
one more step at the end to improve the sidewall roughness and surface properties. In this step
the sample, after 5 min Piranha cleaning, was put in the dry oxidation furnace at a temperature of
850°C. A thin layer of oxide was grown on the disk surfaces to improve the smoothness of the
sidewalls. This process also recovers the crystal planes of Si at the microdisk sidewalls, which



were damaged during the plasma etching. As a result, the electronic surface states at the disk
sidewalls are dramatically reduced and therefore surface absorption is reduced. Consequently,
the Q of the cavity is improved.

Fig. 6. Structure of a pedestal microdisk resonator coupled to a waveguide. The disk has a radius of 20
um and a thickness 210 nm and it is seated on a Si pedestal with a thickness of 40 nm. The waveguide
width is 500 nm, and the gap between the waveguide and the disk is 120nm.

Figure 7 shows the spectrum of the pedestal microdisk shown in Fig. 6. As it can bee seen from
Fig. 7(a), several high Q features are observed in the spectrum in the critical coupling regime.
Figure 7(b) shows the one of the resonance modes of the disk with an unloaded Q=3.1x10° in the
critical coupling regime. No mode splitting is observed for this ultra-high Q resonance. This is
the highest Q reported for a Si disk on a substrate for including both conventional and pedestal
architectures. In addition, this is the highest Q reported for a disk in the critical coupling regime
with a planar integrated waveguide-cavity coupling.
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Fig. 7. (a) Spectrum of a pedestal microdisk resonator shown in Fig. 7. (b) Spectrum of a resonance
mode with an unloaded Q=3.1x10° in the critical coupling regime.

The next steps is to going to thinner substrate as well as adding more post-processing steps to the
fabrication to reduce microdisk sidewalls roughness and the electronic surface states.

Systematic design of waveguide-resonator coupling
In a TWR-waveguide structure, in the weak coupling regime, the power transmission and the
total loaded quality factor (QL) at resonance are respectively expressed as:
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In the above expression Qg and Q. are respectively the intrinsic quality factor and coupling
quality factor, with the coupling quality factor (Q.) being used as a measure of rate of energy
decay from the cavity to the waveguide, i.e. stronger coupling between the waveguide and the
cavity results in smaller Q.. As it can be seen from Eq. (1), in order to completely transfer energy
from waveguide to the resonator at the resonance, Qo and Q. should be equal. This condition is
also referred to as critical coupling.

In a TWR-waveguide coupling structure, Q. depends on coupling interaction length, field
extension of the field outside the resonator and the waveguide, and effective mode index
matching between the waveguide and TWR modes. Since the microdisk resonator is a TWR
structure, we can ascribe to each microdisk mode, a phase and an associated effective mode
index. In the case of the large index mismatch between the microdisk and the waveguide,
coupling can be strongly reduced, so much so that even bringing the waveguide very close to the
cavity does not significantly alter their coupling. Moreover, putting the waveguide and resonator
too close to each other results in strong perturbation of the cavity structure, resulting in
additional loss and the thus, degradation of the Q. In order to illustrate this coupling and index
matching issue, using the coupled mode analysis, we consider the microdisk and waveguide
whose dimensions are given in the captions of Fig. 2.

Figure 8(a) shows the effective mode index for different radial modes of this microdisk. The
effective index of the fundamental TE mode of the waveguide is also shown in this figure. As it
can be seen, the 3 order radial microdisk mode has an effective index that is closer to that of the
waveguide. Hence, we expect this mode to be better phase matched to the waveguide mode,
thereby resulting in a strong coupling. Figure 8(b) shows the calculated coupling Q (Q.) for
different waveguide-cavity gaps, based on a coupled-mode formalism and using the FEM
calculated field profiles for the disk and waveguide. As it can be seen from Fig. 8(b), the 3"
order radial mode has a lower value of Q. thereby confirming the prediction of better
waveguide-cavity coupling, i.e. closer to critical coupling, than the lower order modes based on
the phase-mismatch obtained from effective indices in Fig. 8(a). For a gap of 220 nm, for the 1°
order radial mode, Q. was calculated to be 40x10°. Therefore, it is reasonable not to be critically
coupled to the fundamental mode for these waveguide-resonator geometry parameters. The same
argument applies for the 2™ and 3" order modes. However, for the gap of 150 nm, the values of
Q. vary in the range of 1x10°-10x10° and are closer to what we may achieve for the intrinsic Q
of the cavity, thereby ensuring we are closer to critical coupling.
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Fig. 8. (a) Comparison of the effective indices of the traveling TE modes of the microdisk resonator shown in Fig. 2
for different radial mode orders with that for the waveguide. The dimension of the disk radius and the waveguide is

given in the caption of Fig. 2. (b) Q. for different gaps between the waveguide and the microdisk calculated using
coupled mode theory.

Although, the optimization of phase matching can improve the coupling strength, but as shown
in Fig. 8, the values of coupling Q are still large, especially, for the fundamental mode which is
the mode of interest in many applications. Therefore, more engineering needs to be performed
on the geometry of the structure to adjust the coupling Q to the desired level. One possible way
is to add the pedestal layer to the structure which brings another degree of freedom into the
design. We have already shown ultra-high Q in the pedestal microdisk architecture. Here, we
show that a non-zero pedestal thickness can dramatically reduce the coupling Q. Figure 9 shows
the schematic cross section of a pedestal microdisk coupled to a waveguide. Figure 10 shows the
variation of coupling Q for such pedestal microdisk coupled to the waveguide for different mode
orders. The disk radius is 20 um and the pedestal thickness is 40 nm. The total thickness of the Si
layer is 230 nm. The calculations were performed for a waveguide with the widths of 540nm and
500nm respectively. As shown in Fig. 10, the presence of the pedestal layer has dramatically
reduced the coupling Q into a tangible range comparable with the intrinsic Q achieved in the
fabrication.

| Microdisk Waveguide
: gap /
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Fig. 9. Cross section of a pedestal microdisk resonator coupled to a waveguide.

Hence, adjusting the thickness of the pedestal layer adds another degree of freedom to
dramatically modify the coupling Q while the ultra-high Q property of the resonator is preserved.
This pedestal architecture can also be applied to a microring resonator structure which is
discussed in the next section.
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Fig. 10. Variation of the coupling Q for different disk mode orders, as shown by different colors, for
a pedestal microdisk coupled to a waveguide, as shown in Fig. 13. The disk has a radius of 20 zm
and the pedestal thickness is t=40nm. The solid and dash curves correspond to waveguide widths of
540nm and 500nm respectively.

Figure 11(a) shows the SEM image of a microring resonator with a radius 5 um and the width
500nm coupled to a waveguide with the same width. The thickness of both the waveguide and
the disk is 250 nm. Figure 11 (b) shows the schematic cross section of such structure in which a
pedestal layer is beneath the ring and the waveguide. In the case that the thickness of the pedestal
layer is zero, the coupling Q for such structure at a resonance around 1550 nm is 1.3 million as
shown in Fig. 11(c). In practice, for such fabricated microring structure the intrinsic Q is less
than 10°. Therefore, such a large difference, between the coupling Q and the intrinsic Q, results
in weak power exchange between the waveguide and the ring. As shown in Fig. 11(c), adding the
pedestal layer dramatically reduces the coupling Q into a practical range. Figure 11(d) shows the
calculation of coupling Q for a pedestal thickness of 40nm and two different waveguide widths
of 500 nm and 440 nm. As it can be seen from Fig. 15(d), coupling Q for the waveguide with the
440 nm width is less than that of 550 nm width waveguide. This is because of larger field
extension of 440nm width waveguide in the transverse direction and therefore larger interaction
with the microring. Hence, by adjusting the thickness of the pedestal layer and the width of the
waveguide the desired coupling Q in the practical range can be obtained.
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Fig. 11. (a) SEM image of a microring resonator, with a 5 um radius, coupled to a waveguide with a
500 nm width. The gap between the waveguide and the ring is 250 nm. (b) Schematic cross section of
this coupling structure. A pedestal layer with an arbitrary thickness is beneath the microring and the
waveguide. (c) Calculation of coupling Q for different pedestal thicknesses and different gaps. (d)
Variation of coupling Q versus gap for a pedestal thickness of 40nm; the blue and the red curve
correspond to waveguide widths of 500nm and 440nm respectively.

11.A.2 Systematic design and fabrication of high-Q single-mode pulley-coupled planar silicon
nitride microdisk resonators at visible wavelengths

Integrated nanophotonics in the visible range of the spectrum is critical for several applications
in sensing and optical signal processing (e.g. biosensing using fluorescence and surface enhanced
Raman spectroscopy (SERS) and signal processing for LIDAR). Unlike silicon, low Si content,
LPCVD SisN,4 offers a very low-loss material throughout the optical range (wavelengths from
300 nm to several microns), and a moderately high refractive index (n = 2). SisNg4, being a
dielectric material, does not suffer from free carrier absorption, which is an important limiting
factor in Si high-Q resonators. During this period of the PECASE award, we focused on
monolithic, high Q, compact SisN4/SiO, resonators in the visible range, and critical coupling of
the resonators to in-plane waveguides was also demonstrated (at A =652-660 nm). We also report
optimized coupling structures using pulley-shaped concentric waveguides to enable radial mode-
selective coupling and the potential for over-coupled resonator structures.

Fabrication of these microdisk structures uses a Si substrate with a thermally grown 6um oxide
layer, which isolates the guiding SizN4 layer from the lossy Si substrate. A 200 nm-thick layer of
low-loss, stoichiometric SisN4 is deposited using low pressure chemical vapor deposition
(LPCVD). We use 500 nm of ZEP-520 electron beam resist with a thin layer of espacer 300 to
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inhibit surface charge-up. The waveguides and microdisks are patterned using the electron beam
lithography system with the pattern addressing grid size of 1 nm and the beam current set to 1=2
nA (using 60 pum aperture). Choosing a dosage of D=250 puC/cm2 for the ZEP, the smallest
possible shot pitch (SP) is 4 nm (SP=> [I/( f -D)]"%). Moreover, the beam spot size for the 2 nA
current is approximately 6 nm. We expect that with such a shot pitch and beam spot size, the
roughness introduced to the microdisk and waveguide structures during the electron beam
lithography is smaller than 10 nm. This is important in order to obtain low-loss high-fidelity
devices. The patterned structures are etched using CF, gas in an STS inductively coupled plasma
(ICP) etcher with the optimized process parameters which minimize the sidewall roughness
(Pressure=5 mTorr, Coil Power =600 W, and Platen Power=20 W). The sidewall roughness is
inspected with scanning electron microscopy (SEM), and the sidewall tilt angle is measured to be
greater than 85 degrees (as shown in Fig. 12).

The microdisk resonators are characterized by a tunable laser swept across the 652—-660nm
wavelength range. We note here that the flexibility in the optical properties of the SizN,4 layer
allows us to target the designs for any other wavelength ranges within the transparency window
of the SizNy4 layer, for future applications and the wavelength range reported here is chosen
primarily due to our existing tunable laser in our laboratory.

When the waveguide is side-coupled to the resonator at a single point, the critical coupling
condition requires a very narrow coupling gap (gap< 100 nm) between the waveguide and the
resonator. In order to ease the fabrication, we have proposed a rib-like configuration in which a
thin layer of the guiding material (SisN4) (that is achieved by partial plasma dry etching)
increases the field overlap between the coupled elements thus increasing the coupling coefficient
[1]. Nevertheless, such rib-type structures require an accurate control over the etch depth to
achieve the targeted “pedestal” height. In addition, single-mode operation is hard to achieve in
such rib-type structures. Another effective, yet seldom investigated approach to increase the gap
size and thus ease the fabrication is increasing the effective coupling length rather than the field
overlap. In this approach, termed “pulley” coupling, the waveguide wraps around the resonator
(e.g., a microdisk), effectively increasing the coupling length several times compared to the
single point coupling with a straight waveguide. This approach was initially modeled with
conformal transformation method [2] and recently utilized in a chalcogenide glass sensor [3].

However, a thorough investigation of this technique is needed to develop a systematic design
approach for high Q resonators with whispering gallery modes. In this work, a systematic
analysis of pulley-coupled, high Q, SisN4/SiO, resonators is presented. We also demonstrate the
coupling of the resonators to wrap-around waveguides in the visible wavelength range (at 652-
660 nm). We will show that not only are wider coupling gaps possible using the pulley coupling
scheme, but also the strict phase matching condition makes the coupling single mode. Therefore,
with the proper choice of the wraparound waveguide width, only one of the radial modes of the
microdisk is excited while the other radial modes are uncoupled from the waveguide field. These
advantages (single mode operation, critical coupling with easy-to-fabricate gap size, and high Q)
make the resonance structures presented here an excellent choice for applications that require
strong light matter interaction. The transmission spectra of the devices in Fig. 12 are shown in
Fig. 13.
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Fig. 12. (a) The pulley coupling configuration in which the waveguide wraps around the microdisk resonator to
increase the effective coupling length. The phase matching to different radial modes of the microdisk is achieved by
the choice of the waveguide width. (b) The conventional straight coupling configuration in which the waveguide
couples to the microdisk only at a single point. In this configuration the effective interaction length is significantly
shorter than the pulley scheme depicted in (a), making the coupling much less sensitive to the phase matching
condition. (c) Top view of an SEM image of a waveguide etched on a 200 nm layer of SisN, on top of an isolating
SiO, layer on a Si substrate with a 5 minute reflow of the resist. The reflow process leads to smooth but tilted
sidewalls. (d) The diagram showing the effect of the reflow process on the waveguide and the microdisk sidewalls.
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Fig. 13. (a) The normalized transmission spectrum of a 20-micron-radius SizN, microdisk side coupled to a
waveguide with a single point coupling scheme [see Fig. 12(b)]. The coupling gap is 100 nm and several radial TE
modes of the microdisk are excited. The waveguide width is 400 nm. The effective coupling length is about 4 T%m.
The polarization of the input waveguide is TE. (b) The normalized transmission of the waveguides coupled to the
same microdisk as in (a) in the pulley configuration shown in Fig. 12(a). The coupling length is 30 T%m and the
coupling gap is 400 nm. The waveguide width is 390 nm and only the second radial order mode of the disk is
excited. The strict phase matching condition does not allow the other radial modes of the microdisk to have
significant coupling to the waveguide.
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To model this numerically, the coupling coefficient between a waveguide and an adjacent cavity
is given by the first order temporal perturbation theory as

/Q" {“"/ [(s ) —g,) Edr,kE“gide_}ewdQ (1)

8 \ 6
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in which k, = 2[ T T} is the wavenumber in the free space, and m is the azimuthal mode order
of the resonator. It is clear from Eq. (2) that the phase mismatch ( (KonwgRwg— m) [H 1)
between the two structures can reduce the coupling coefficient considerably. If the phase
matching condition is met (i.e., konwgRwg = M), the coupling coefficient is a linear function of
the coupling length (which is proportional to [} ). Conversely, if the phase mismatch builds up
to a multiple of [] the coupling vanishes no matter how strong the field overlap is. Since the
phase velocities of different WGMs of the resonator vary across different radial modes, one can
expect the phase matching condition to be mode-dependent. If the effective index of each radial
mode is defined as (ngisk = M/(KoRugisk) ), it is clear that the phase matching is achieved when
NwgRwg = NaiskRaisk. The effective index of the waveguide is controllable by changing the
waveguide width (W) within the range 150 nm < W < 550 nm to ensure single mode guiding.
Increasing W results in larger effective indices for all waveguide modes. On the other hand, the
effective indices of different radial mode orders of the microdisk resonator depend on the
geometrical properties of the microdisk. Noting that the lower order modes of the microdisk have
higher effective indices, the required W for phase matching is the largest for the fundamental
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Fig. 14. (a) The simulated coupling quality factor (Qc) of a 20um radius disk when the waveguide wraps
around the disk and the coupling length is 30um. As the width of the waveguide is changed, the phase
matching condition is met for three different radial modes of the disk. (a) The coupling gap size is 400 nm and
the phase matching condition is met for the first three orders of the disk when the waveguide width is 470, 390
and 340 nm respectively. (b) The gap size is reduced to 200 nm. The coupling is enhanced almost two orders of
magnitude for all three modes. As the phase matching condition depends on the radius of the curved
waveguide, all microdisk modes are coupled to slightly wider waveguides.

microdisk mode.

To demonstrates the practicality of the optimal design criteria shown in Fig. 14, structures
with three different waveguides widths (W = 470, 390, and 340 nm) were fabricated in both
single waveguide and add-drop configurations. The waveguides are all single mode for the
desired range of wavelengths (652-660 nm). Figures 15(a) and 15(b) depict the normalized
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transmission for the single waveguides coupled to TE1 and TE2 with W of 470 nm and 390 nm,
respectively. The coupling gap is 400 nm for all the fabricated structures. To identify the radial
mode order in each case in Fig. 15, we compared the measured free spectral range (FSR) with
the theoretically calculated FSRs of different radial mode orders. The resonant mode in the
structure with W=470 nm [Fig. 15(a)] has the largest FSR=1.632 nm, and it corresponds to the
TE1 mode. Similarly the resonant dips in the transmission spectrum of the structure with W=390
nm [shown in Fig. 15(b)] correspond to an FSR of 1.658 nm and are attributed to the TE2 mode.

Finally, Fig. 15(c) depicts the output of the drop waveguide when the through and the drop
waveguides are both chosen to be 340 nm wide. In such structures, power is transferred to the
drop port only when the third order mode of the microdisk is in resonance. Thus, such an add-
drop filter is practically single mode even though the microdisk—unlike a microring—is
multimode.

Comparing Fig. 14 and Fig. 15 shows that for each waveguide width design, the waveguide
mode couples better to the resonator mode for which stronger coupling (or smaller Q) exists.
Fig. 14(a) clearly shows that at W = 470 nm, 390 nm, and 340 nm, Q. is the smallest for TEL,
TEZ2, and TE3, respectively. Thus the results shown in Fig. 15 confirm the finding in Fig. 16(a)
about the optimal waveguide width (W) for each resonator mode.

p=HK nm

Mormalized Transmission (dB)

(c) Addl—drop filter wi::h TE,
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Fig. 15. The normalized transmission of a single-mode, curved waveguide coupled to a microdisk with radius R =
20 pm in the pulley configuration as shown in Fig. 12(a). The coupling length is | = 30 um, and the coupling gap is
400 nm: (a) coupling to the first order microdisk TE mode with W = 470 nm; and (b) coupling to the second order
microdisk TE mode with W = 390 nm. As the waveguide width is reduced, the effective index of the guided mode is
reduced, thus higher order resonator modes are phase-matched to the waveguide. (¢) The transmission spectrum of
the drop port in an add-drop filter with both waveguides being 340 nm wide. Power is transferred to the drop port
only when the third radial order TE mode of the microdisk is resonant.

11.B Planar photonic crystal microspectrometers in silicon-nitride for the visible range
Development of the required components in SiN to form a complete sensing system is the next

step in the path to capacitate these systems to address major demands of different sensing
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applications. Spectrometers, which enable spectral analysis and detection of spectral emission
and absorption features, are one of the essential building blocks required to implement the
systems needed for many sensing applications. While conventional sensing approaches rely on
using bulky off-chip spectrometers, the need for compact mobile or handheld structures has
motivated extensive recent progress in the development of integrated on-chip
microspectrometers [5].

Several approaches to realize compact spectrometers in the visible range have been proposed
previously, including off-chip separation of wavelengths [6], grating spectrometers in low index
contrast material [7], frequency-selective detection of light [8], polymer-based implementation
[9], and integrated optical spectrometers [10]. However, all these approaches require large
structures and offer limited spectral resolution. The focus of this paper is to use the relatively
large index contrast in SiN on SiO, (through fabricating strongly dispersive photonic crystals) to
demonstrate the potential for realizing high-resolution integrated photonic spectrometers with a
very small footprint in the visible wavelength range (around 656 nm). The availability of
compact spectrometers enables new sensing mechanisms (e.g., monitoring fluorescence and
Raman spectra) and new sensing architectures (e.g., multiplexing several resonators for parallel
sensing) [4] in the visible integrated photonic systems. The potential integration of silicon
detectors and electronic processing units in a compatible platform with SiN sensing components
offers a unique prospective for the future of such modules for low-cost, compact, sensitive, and
portable sensing applications.

ko
(b)

Fig. 16. (a) Schematic visualization of the wavelength separation in a focusing superprism photonic crystal
spectrometer is shown. (b) Band structure of a 45°-rotated square lattice planar photonic crystal in SiN on oxide,
with holes of 85 nm radius and a lattice constant of 240 nm is shown. Numbers on each contour are the
corresponding wavelength for that contour. The shaded regions exclude the modes that leak to the substrate and are
not confined to the SiN layer slab. The inset shows the relative direction of the lattice with respect to the principal
lattice directions.

Implementation of compact on-chip spectrometers naturally require a mechanism to
differentiate between the wavelengths of the input light. This differentiation may occur in a
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lumped element (e.g., at an interface) as in grating spectrometers [11], using the dispersion of a
set of waveguides as in arrayed waveguide gratings [12], or through propagation in a dispersive
material as in superprism-based devices [13]. It is clear that employing stronger dispersion in all
these cases results in more compact high-resolution devices. Here, we use the superprism effect
in photonic crystals as the main mechanism to achieve spatial spectral mapping in the
spectrometer. We follow the basic principle used in silicon-based focusing superprism
wavelength demultiplexers [14] to realize compact devices in SiN. The operation concept is
based on combining the superprism effect, the negative diffraction effect, and the negative
refraction effect inside a photonic crystal structure. The overall configuration is schematically
visualized in Fig. 16(a), in which different wavelengths are separated inside the photonic crystal
region. In this approach, the angular dispersion inside the photonic crystal is used to steer
different wavelengths in different directions inside the structure. At the same time, the negative
diffraction property is used to focus the (initially broadened) beam into small spots at the output
to make the overall device compact, and the negative refraction is employed to separate the
signal of interest from unwanted stray light [14]. It can be observed that the in-plane band
structure of the first TE-like mode (i.e., electric field inside the plane of periodicity of the
photonic crystal) of a 45°-rotated square lattice photonic crystal, as shown in Fig. 16(a), satisfies
all the requirements for achieving superprism, negative diffraction, and negative refraction
simultaneously. This band structure is calculated using a three-dimensional plane wave
expansion method (based on a supercell) considering the finite thickness of the SiN slab (205
nm). The diameter of holes in this simulation is 170 nm, and the lattice constant is 240 nm. As it
can be seen from Fig. 16(b), in this structure there is an operation range below the light line that
shows strong dispersion effects while demonstrating simultaneous negative diffraction and
negative refraction. To explore the extent of strong dispersion in this structure, we can also
consider higher photonic bands of the planar photonic crystal [15]; however, because of the
limited contrast between the SiN layer and the underneath SiO, layer, higher photonic bands of
this planar structure are not confined to the slab anymore.

To find the optimal device parameters, we use the envelope transfer function [16] to
approximately model the beam propagation inside the photonic crystal region. The configuration
of the structure used in this modeling is shown in Fig. 17(a). The input beam is incident on the
photonic crystal interface from an unpatterned slab region (to simulate the operation of the actual
device) at an incident angle of 13° in this case. The beam undergoes some diffractive broadening
prior to entering the photonic crystal region, such that the overall second-order diffraction is
canceled at the output of the device at the center wavelength of 656 nm. The width of the
photonic crystal region is L = 70 um, and it has a 45°-rotated square lattice with lattice constant a
=240 nm and hole diameter 2r = 170 nm. Fig. 17(b) shows the simulated intensity of the beam at
the output of the photonic crystal region at three different wavelengths. The separation of
adjacent wavelength channels with wavelength difference AL = 2.4 nm is evident from Fig.
17(b). For this structure, two non-idealities determine the crosstalk between these wavelength
channels: (1) relatively strong side-lobes in the intensity profile introduced by the third-order
diffraction effect in these structures [17], and (2) second- order broadening at wavelengths away
from the center wavelength of operation. These effects degrade the cross-talk isolation level from
potentially higher than 12 dB (for non-distorted Gaussian beams with 2.4 nm spacing in the same
structure) to around 6 dB. Fig. 17(c) shows the effect of changing the width of the incoming
optical beam in the same structure. Increasing the input beamwidth has two direct effects. On
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one hand, it directly increases the spatial extent of the beam at the output (even when the beam is
not affected by diffractive broadening); on the other hand, it reduces the effect of both second-
order and third-order distortions [17], by reducing the spatial frequency content of the beam. Fig.
17(c) clearly shows both of these effects. The intensity of each plot in Fig. 17(c) is compared to
its non-distorted Gaussian case; therefore, lower peak intensity for smaller beamwidths in this
figure is an indication of more diffractive broadening. The optimal beamwidth, 2w0, can be
determined by considering the trade-off between the original extent of the beam and its
diffractive broadening inside the structure. In this particular design, we have chosen 2w0 = 4 um
as the waist of the input beam.
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Fig. 17. (a) The configuration used for the simulation of optical beam propagation in a SiN PC is shown. A 45A°-
rotated square lattice photonics crystal with L = 70 T%m, 2r = 170 nm, a = 240 nm is assumed. The thickness of the
SiN slab is 205 nm, the incident angle is 13A°, and the light has TE-like polarization. (b) Output beam profiles at
different wavelengths (653.6 nm, 656.0 nm, and 658.4 nm) for input beam waist of 2w0 = 4 T%m are plotted. The
input beam is preconditioned to compensate the effect of second-order diffraction at 656 nm. (c) For the same
structure as in part (b), output beam profiles at different input beam waists of 2w0 = 2.7, 4.0, and 6.0 1vzm are
shown.

To experimentally demonstrate the operation of these SiN spectrometer devices, we have
used standard microelectronic fabrication facilities to pattern the planar SiN slab [18]. The
process consists of electron-beam lithography (EBL) followed by CF4-based inductively coupled
plasma (ICP) etching to transfer the desired pattern into the wafer. The stoichiometric SiN wafer
used in our fabrication has a 205 nm (£5 nm) thick SiN device layer deposited on 6 pm of
thermally grown silicon dioxide (SiO2). The SiO2 layer completely isolates the light in the
device layer from the lossy silicon substrate. Fig. 18(a) shows the scanning electron microscope
(SEM) image of the fabricated structure consisting of a photonic crystal region, similar to the
configuration in Fig. 18(a), and an array of waveguides at the output to spatially sample the beam
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profile and carry it to the output edge of the sample. Fig. 18(b) shows the details of the photonic
crystal structure fabricated in SiN The input waveguide is then tapered up to 4 um, and is then
terminated to an unpatterned SiN slab to launch the incident beam to the photonic crystal region.
To precondition the beam, the input beam propagates and diffracts in the unpatterned SiN slab
region before reaching the photonic crystal region [14]. The length of the preconditioning region
in this structure is 1.1 mm; however, note that this length does not impose an intrinsic limit on
the compactness of the structure, since, for example, it can be replaced by a curved mirror [20].
After passing through the photonic crystal, the output light from the photonic crystal region is
coupled into an array of output waveguides with 3 um spacing. The signal in these output
waveguides is measured by imaging the output facet onto a single detector (using a 20x objective
lens at the output). The signal from individual output waveguides is isolated using an iris and
measured while the tunable laser scans the wavelength. Fig. 19(a) shows the measured power in
seven of the output waveguides that fall within the range of the available tunable laser.

From the measurement results in Fig. 19(a), we mark the wavelength of the peak of the beam
intensity at each output and deduce the angular dispersion of the photonic crystal structure. Fig.
19(b) shows the angle of refraction found from the measurement (solid line) and compares it
with the estimated angle of refraction from the theoretical model (dotted line, based on the band
structure calculations in Fig. 16). It can be seen that the measured dispersion matches the
theoretical expectations closely. From Fig. 19(b) it can be observed that the device is operating
in the negative refraction regime (as designed), and the angle of refraction changes rapidly with
wavelength (strong superprism effect). Considering the 3 um spacing between the adjacent
output waveguides, the extent of the output beam intensity at each wavelength can be estimated
from Fig. 19(a) to be around 5 um. By comparing this beam extent with the initial beam waist
(~4 pm) and the beamwidth at the input plane of the photonic crystal region (~80 um), we can
readily see that the device is working in the negative diffraction regime. These observations
confirm the operation of the fabricated device in the desired operation regime. This fabricated
device shows spatial separation of different wavelength channels with around 1.2 nm wavelength
resolution in a 70 pm x 130 pm photonic crystal structure.

Wavegui des _
(a) (b)
Fig. 18. (a) SEM image of the fabricated structure is shown with a rotated PC region and an array of waveguides at
the output. The incident beam is directed from a tapered waveguide from the left side of the device at an incident
angle of 13° with respect to the interface of the photonic crystal region. (b) SEM image of the details of the photonic

crystal region is shown. From SEM images, the lattice constant in the fabricated device is a = 240 nm, and the
diameter of holes is 168 nm (compared to the 170 nm designed value).

To further validate the operation of the device, we have simulated the propagation of optical
beams at different wavelengths in a photonic crystal structure with the parameters similar to our
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fabricated device. Note that the actual parameters of the fabricated device are slightly different
from the design values because of the limited accuracy of the fabrication process. We have
employed the in-plane band structure of the planar photonic crystal (calculated using a three-
dimensional plane wave expansion method) and the envelope transfer function [16] to calculate
the output beam intensity at different wavelengths (similar to what we did to obtain the results
shown in Fig. 17). By integrating the beam power over ~3 um intervals (i.e., the acceptance
range of each output waveguide) at the output plane of the photonic crystal region, the channel
responses (at output waveguides) is found. Figure 20 shows the calculated channel responses
calculated with the same waveguide positions and spacing as the fabricated structure. By
comparing Fig. 20 with Fig. 19(a), we can observe that the theoretical estimates and
experimental results of the spatial extent of the beam and the level of side-lobes are in good
agreement. Thus, we expect this theoretical model to accurately represent the performance of
such spectrometers in future designs and perform as a reliable tool for estimating the spectral
resolution and the isolation level.

There are three major criteria for evaluating the performance of spectrometer devices and
configurations: compactness, spectral resolution, and insertion loss. These parameters determine
how well the spectrometer can perform in different applications, e.g., as a spectral analysis unit
in a sensing platform or as a wavelength demultiplexer in an optical information processing
system. The use of strong dispersion in photonic crystals provides the potential to implement a
high resolution device in a small footprint. From Fig. 19(b), an angular dispersion factor (i.e.,
change in angle as a function of wavelength) of 2.3°/nm is observed, which is much larger than
0.17°/nm achievable in a conventional grating spectrometer realized in the same platform. This
large angular dispersion factor further confirms the size advantage of the superprism-based
photonic crystal spectrometers over alternative implementations. The
angular dispersion in this device is almost twice as high as previous demonstration of the
superprism effect in silicon nitride [19]. Furthermore, combining the superprism effect with the
diffraction compensation scheme significantly improves the spatial separation (in a similar size)
compared to the brute-force angular separation scheme (with diverging optical beams) in
previous works [19]. Note that the structures shown in this work, which are optimized for
compactness and high spectral resolution, are not necessarily the optimal designs in terms of
insertion loss. We have observed less than 8 dB insertion loss (defined as total output power
divided by total input power) in the device shown in Fig. 19. This insertion loss value is
estimated by comparing the output power from all the output channels of the spectrometer with
the power in a ridge waveguide fabricated on the same substrate and is accurate within £1 dB
(due to the limitations of our characterization setup). A considerable portion of the loss (> 4 dB)
in the demonstrated photonic crystal spectrometer is caused by the choice of excitation of the
structure using a terminated waveguide in the far-field. This loss can be significantly reduced by
using a mirror with proper curvature as the preconditioning region at the input of the structure
[20]. Further reduction of loss can be achieved by modifying the interface of the structure and by
including matching stages [21, 22] to reduce the scattering and reflection losses when coupling
the light into and out of the photonic crystal region. Furthermore, more elaborate fabrication
processes, such as deep anisotropic etching the SiO, layer underneath the SiN layer or
undercutting the structure by wet etching can be used to further reduce the loss in the structure.
We expect to considerably reduce this insertion loss by considering all these factors in the design
and fabrication of these planar photonic crystal spectrometers.
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Fig. 19. (a) Measured normalized transmission responses in adjacent channels are shown for seven output
waveguides, showing a 3-dB wavelength resolution less than 1.2 nm. (b) The experimentally measured angle of
refraction (solid curve) is shown and compared with theoretical prediction (dotted line). Theoretical results are
corrected by a wavelength shift of 1.1% that accounts for the deviations of the thickness of the SiN slab and the size
of holes from the designed values.
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Fig. 20. Simulated channel responses of optical beams at different wavelengths (calculated at 50 pm wavelength
steps) in a planar photonic crystal spectrometer are shown. All the parameters of the simulated structure are similar
to the fabricated structure in Fig. 17. Similar to Fig. 19(b), the theoretical results are corrected by a wavelength shift
of 1.1% to account for the deviations of the fabricated structure from the designed values. The simulated channel
response for each output waveguide in these results is in good agreement with the experimental measurements in
Fig. 19(a).

To compare the performance of the demonstrated spectrometer with the alternative
implementations, we have fabricated spectrometers based on different operation principles on the
same substrate. The structures being compared here are (1) the photonic crystal spectrometer
studied earlier in this paper; (2) an arrayed waveguide grating (AWG) made by following the
standard design in [23]; (3) the same AWG as in (2) after a resist reflow process [24] to reduce
the sidewall roughness and reduce the waveguide propagation loss; and (4) a folded grating
spectrometer operating in the first-order reflection grating mode [25]. All these devices are
designed to have small footprints, and are fabricated in our group with the same fabrication
recipe. The SEM images of these fabricated structures are shown in Fig. 20. To characterize the
performance of each device, we have used the same measurement setup explained in Section 3.
The resolution of each spectrometer is measured by scanning the wavelength of the input laser
and measuring the power at each output waveguide. The insertion loss is also measured by
comparing the total output power of the device with that of a straight waveguide fabricated on
the same substrate. The performance of the devices, shown in Table 1, are compared using two
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main metrics: (1) compactness factor, C, = [lo(AL)sds 1", where I, is the length scale of the
device and (Al)sqgs is the spectrometer full-width half maximum wavelength resolution, and (2)
insertion loss of the spectrometer. The compactness factor provides a measure that for a given
wavelength resolution how compact each device is, and the insertion loss is the drop in the signal
level while passing through the spectrometer. Note that in some practical situations, e.g., in a
sensing platform [4], higher signal-to-noise ratio at the output can be traded in favor of an
effectively higher detectable wavelength resolution. Therefore, we can use the power-normalized
compactness factor, C, /IL (listed in the last column of Table 1), as the main spectrometer
comparison criteria. It can be observed that among these compact implementations, the photonic
crystal spectrometer shows favorable performance even without employing further loss-
reduction solutions. Note that this comparison between different device implementations cannot
be viewed as an absolute measure for performance of such structures. All the different
spectrometers demonstrated here have been designed with compactness as one of the major
factors, and can be further optimized for better resolution and lower insertion loss. Nevertheless,
the preliminary comparison of the performance of these structures under similar fabrication
quality as presented in Table 1 provides a point of reference for future optimization of these
devices. In our view, the compactness and insertion loss of the spectrometers as mentioned in
Table 1, should be directly included in the performance measure of the device for future
integrated spectrometer optimizations.

Note that the operation range in the devices used in this paper is located at the crossing of the
zeroth order and the first-order bands of the photonic crystal [26]. The modes in this operation
region are hybrid modes mainly consisting of the zeroth order and first-order Bloch components.
The transition of the dominant component from the zeroth order component to the first-order
component is the main factor in the rapid change in the direction of propagation of the hybrid
mode (and therefore, a strong superprism effect). In low-contrast SiN photonic crystal structures,
compared to high contrast platforms such as silicon-on-insulator (SOI), the coupling between the
zeroth order and the first-order components is weaker. This weaker coupling manifests itself in
smaller available bandwidth and more higher-order diffractive distortion (and thus, lower cross-
talk isolation) in spectrometer devices made in the low-contrast SiN photonic crystals. The
higher-order diffraction effects distort the optical beam shape at the output of the device and
causes relatively large channel-to-channel cross-talk in these spectrometers. In principle, a
multistage photonic crystal structure can be used to provide more degrees of freedom to control
the beam shape and reduce the cross-talk. Currently, the applicability of this multistage scheme
is, however, limited by the required fabrication accuracy in different regions of such multistage
structure.

The limited available operation bandwidth (around 10 nm) of the demonstrated SiN photonic
crystal spectrometer (for example, compared to AWGSs in which the operation bandwidth is
easily scalable) is one of the shortcomings of the proposed scheme. However, the useful
bandwidth of the photonic crystal spectrometer can be extended by using a cascaded scheme
with a coarse wavelength demultiplexer in the first stage followed by compact high-resolution
photonic crystal spectrometers to cover different bands.
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Table 1. The performances of SiN spectrometers based on different operation principles
are compared.

Compactness factor,C;  Insertion loss, IL C; /1L
(nm.mm)™' (dB) (nm.mm)™"
Photonic crystal 7.0 8.0 1.1
AWG-reflow 2.8 6.5 0.63
AWG 2.8 11 0.22
Grating-based 1.1 8.0 0.17

()

Fig. 21. SEM images of alternative on-chip spectrometers implemented in SiN for comparison of spectroscopy
performance are shown. (a) An AWG spectrometer with a size-scale of | = 300 um and wavelength resolution of 1.2
nm. (b) A folded grating spectrometer with a size-scale of 1 = 600 um and wavelength resolution of 1.5 nm. The
inset magnifies a portion of the grating reflector that consists of a periodic pattern of air holes next to a wide trench
[25].

In summary, we have shown the potentials of planar photonic crystal devices as on-chip
spectrometers in SiN. The demonstrated structures offer exceptional compactness and high
spectral resolution performance as integrated components. A 3-dB spectral resolution of 1.2 nm
and less than 8 dB insertion loss are experimentally observed in the 70 um by 130 um photonic
crystal structure investigated in this work. It is shown that the demonstrated superprism-based
photonic crystal spectrometers even without further optimization are advantageous over other
compact implementations of spectrometers in SiN. Future steps to reduce the insertion loss in
these devices are expected to further improve their performance.

11.C Athermal photonic devices

11.C.1 Athermal polymer-clad Si high Q microresonators
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The refractive index of Si is strongly temperature dependent. The dn/dT, which is called the
thermo-optic coefficient (TOC), is +1.8x10™ K™ in Si, and for a typical microdisk resonator the
resonance wavelength changes +78 pm/K at 1550 nm (radius ~ 10 wm and thickness ~ 220 nm)
and for a microring resonator the resonance wavelength changes +66 pm/K (radius ~ 10um and a
500x220 nm? cross-section). However, in several important applications of photonic integrated
circuit applications (e.g. delay lines, narrow-band filters), a stable resonance property is a key
requirement. Hence, athermal operation of such Si high Q microresonators becomes a critical
requirement. Using the closed form expression for the resonance condition in a TWR we can
show that athermal performance is achieved when the two thermo-optic effects (in core and
cladding) completely cancel each other, i.e., when
n o dnclad
“aar T (6.5)

n G 1T
o dr
where we define I' as the mode confinement factor. It can be seen from Eq. (6.5) that realizing
athermal operation in a device with a higher confinement demands a cladding material with a
larger negative TOC. Si-based TWRs are typically high-confinement devices; this, in addition to
the large TOC of Si, and the fact that the TOC of polymers is usually smaller than -5x10™ K™,

means that using a large-TOC polymer is often not sufficient for full compensation.
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Figure 22. Simulation results for the thermally-induced resonance

shift at 1550 nm as a function of the resonator width, in a PUA-clad

10-pm-radius microring resonator. The thickness of the Si layer is
220 nm.
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Figure 23. (a) Cross-sectional plot of the fundamental TE mode for a PUA-clad microdisk resonator with a radius of 10
pum and a thickness of 220 nm. (b) Simulation results for the thermally-induced resonance shift at 1550 nm, in PUA-clad
microdisk resonators with various thicknesses and radii. The results are shown for the fundamental TE mode. (c) Cross-
sectional plot of the fundamental TE mode for a PUA-clad undercut microdisk resonator with a radius of 10 um and a
thickness of 110 nm. (d) Simulation results for the TIRS at 1450 nm versus the Si layer thickness, in a PUA-clad 10-pum-
radius undercut microdisk resonator. The results are shown for the fundamental TE mode.
During this period of the PECASE program, we have explored two ways to achieve athermal
operation in high-Q high-confinement Si microresonators (i) the use of athermal polymers with
high TOC and (ii) the use of novel device designs to achieve athermal operation. For the
negative TOC, we have explored the use of an aliphatic polyester-based urethane diacrylate
polymer (PUA), with a measured TOC of -4.5x10™ K™, which is, to our knowledge, one of the
largest TOCs in polymers. The refractive index of PUA is about 1.45. We use a finite element
method (FEM) mode solver to calculate the thermally-induced resonance shift (TIRS) in micro-
resonators with various sizes. Figure 22 shows the TIRS as a function of the resonator width for
a 10um radius 220-nm-thick PUA-clad microring with athermal operation achieved for a width ~
350 nm. For a Si microdisk, we find that changing the Si layer thickness affects TIRS much
stronger than when changing the resonator radius. Zero TIRS is achieved in Si microdisks at
thicknesses of about 80 nm and 90 nm, respectively, for resonator radii of 10 um and 5 um.
Another geometry we have studied is the undercut geometry. This should increase the percentage
of the mode field that interacts with the negative TOC polymer. This could be achieved by
removing the buried oxide (BOX) layer around the edge of the microdisk and filling this space
underneath the resonator with the polymer. Figure 23 shows the calculated TIRS against the Si
layer thickness in a 10-um-radius PUA-clad undercut geometry (results shown for the
fundamental TE mode). The TIRS is close to zero for a Si device layer thickness of 110 nm.
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Figure 24. (a) Thermally-induced resonance shift in a 10-pum-radius 220-nm-thick microdisk without any compensation
effort. (b) Athermal resonance in a 10-pum-radius 110-nm-thick PUA-clad undercut microdisk.

In order to confirm our designs and simulations, we have fabricated undercut high-Q Si
microdisk resonators and covered them with the negative TOC polymer. During the TIRS
measurements, the samples are placed on a TEC-equipped stage with a built-in thermistor to
monitor the temperature. The transmission spectra are measured before and after increasing the
temperature. Two cases are shown in figures 24(a) and 24(b): the first one belongs to a 10 um
radius, 220-nm-thick microdisk without any cladding, exhibiting a large resonance shift (78
pm/K); the second one is related to a PUA-clad 10 um radius undercut microdisk with a device
layer of 110 nm, which is close to the predicted optimum. We experimentally observed nearly
athermal performance (TIRS ~ 0.2 pm/K). The close agreement with the theoretical calculations,
suggest that the polymer was able to completely fill the space underneath the resonator. These
initial results suggest that with careful and optimized device designs, athermal high-Q
microresonators are achievable in the Si platform. Such athermal high Q Si microdisk resonator
devices could be useful for several applications where stable resonance frequencies are critical
(e.g. delay lines, narrowband filters).

11.C.2 Titania-Clad Microresonators on SOI

Travelling-wave resonators (TWRs) on silicon-on-insulator (SOI) platform have found numerous
applications in the field of silicon photonics, because of their high Q-factors and small mode
volumes, as well as design simplicity and mechanical stability. They have been utilized to
implement filters, spectrometers, modulators, and various other functionalities needed in
Photonic Integrated Circuits (PICs).

One of the main issues of silicon-based PIC is the strong temperature dependence of the
refractive index of silicon. The thermo-optic coefficient (TOC) of Si is +1.8x10* K*;
consequently, TWRs made of Si are highly temperature-sensitive. For a typical microring with a
radius of 10 pm and a cross-section of 450x220 nm? the thermally-induced shift in the
resonance wavelength is about 75 pm/K (or equivalently, ~ 10 GHz/K) at 1550 nm. As a result,
the fluctuations in the ambient temperature, and the temperature variations across the chip, pose
a problem for applications that rely on stable resonance properties, such as delay lines and
narrow-band filters. It is therefore desirable to reduce the temperature sensitivity of these
resonators as much as possible.

One of the methods used to achieve this goal is to coat the resonators with some type of
polymer. The negative TOC of polymers is used to compensate the positive TOC of the Si core.
Ultimately, the magnitude of the thermal shift is a function of the polymer TOC and the
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confinement of the resonant mode. Athermal microrings [27] and microdisks [28] have been
demonstrated using this method.

The negative TOC of polymers is a result of the thermal expansion effect, which leads to a
reduction in the number of dipoles per unit volume, and consequently, the refractive index. Some
polymers have TOCs as large as -5x10™ K™, which is very useful for athermal design. However,
a major drawback is the fact that most polymers have a low heat resistance, and therefore, are not
CMOS-compatible.

The thermo-optic effect in inorganic materials is generally dominated by the increase of
polarizability, which results in a higher refractive index and therefore, a positive TOC. However,
titanium dioxide (TiO,, commonly called titania) is an exception because of its large negative
TOC (a function of wavelength, temperature, and deposition process) [29]. It also has a high
refractive index (over 2, and strongly dependent on the method of deposition) that pulls the
optical mode toward the cladding. The combination of the large TOC and the high index can
significantly reduce the temperature sensitivity of the titania-clad device. Titania has a very high
melting point (1840°C). Titania thin films are extensively used in the optics industry, and the
related technology is well-developed. The CMOS compatibility of titania makes it an excellent
choice for integrated applications.

For this work, we have used electron-beam evaporation for the deposition of titania. The as-
deposited titania is amorphous, and we measured its refractive index to be 2.02 at the 1550 nm
wavelength. We fabricated a series of microrings with varying widths on an SOI wafer with a
220-nm-thick top layer. The patterns were written by electron-beam lithography on ZEP
electron-beam resist with a dose of 280 pC/cm?. Etching was done using inductively-coupled
chlorine plasma. Finally, titania was deposited on top of the devices through electron-beam
evaporation. An SEM image of a microring resonator is shown in Fig. 25(a).

The samples were placed on a TEC-equipped stage, and tapered fibers were used to couple
light into and out of the bus waveguides. The transmission spectra were obtained before and after
changing the temperature. Fig. 26(a) shows the transmission spectra of a 10-pum-radius, 450x220
nm? microring, before and after a 10 degree temperature rise. The resonance shift at 1570 nm is
about -18.6 pm/K, suggesting that the microring is overcompensated.

We use a finite element method (FEM) mode solver to simulate the thermo-optic shift of
resonance in microrings. Fig. 25(b) shows the cross-sectional profile of optical power in a
titania-clad microring resonator with a radius of 10 um and a cross-section of 450x220 nm>.
Based on our simulations, the measurement result corresponds to a TOC of -6.7x10™ K™ at the
1570 nm wavelength. Fig. 25(c) shows the simulation results for the thermally-induced shift at
1570 nm in microrings with different widths, using -6.7x10* K™ for the TOC of titania. We
expect from Fig. 25(c) for the 500-nm-wide ring to be athermal (i.e., the resonance shift is close
to zero). Fig. 26(b) shows the transmission spectra of a 500x220 nm? microring, before and after
a 10 degree temperature rise. It can be seen that the resonance is athermal; therefore, the results
are in agreement with our simulations.

The intrinsic Q-factors of the microrings were around 75,000, which is not different from the
value that we get without the titania cladding. This means that the titania cladding does not
create a source of major optical loss.

27



(@) (b) (©

Resonance Shift (pm/ °C)

-200 \ N . N . . L
450 460 470 480 480 500 510 520 530 540 5500
Wavequide Width (nm)

Fig. 25. (a) SEM image of a microring resonator. (b) Cross-sectional mode profile of a 450x220 nm? titania-clad
microring resonator with a radius of 10 pum. (c) Simulation results for thermally-induced resonance shift in
microrings with different widths (height 220 nm).
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Fig. 26. (a) Resonance shift in a 450x220 nm? titania-clad microring at 1570 nm (b) Athermal resonance in a
500x220 nm? titania-clad microring at the same wavelength.

11.C.3 A temperature-insensitive third-order coupled-resonator filter for on-chip terabit/s
optical interconnects

The trend toward multicore architectures and chip multiprocessors requires power-efficient on-
chip interconnects with terabit/s (Th/s) capacity to facilitate information exchange among cores
and the external memories [30-32]. While conventional electrical interconnects approaching Th/s
aggregate bandwidths have been achieved [30], there has been a major research thrust in recent
years to realize integrated photonic architectures for the future applications requiring hundreds of
cores running independently while shuttling data back-and-forth [30-32]. The major advantages
offered by photonics are the low energy required to transmit the information and the potential for
wavelength-division multiplexing (WDM) to enable large increase in the number of connections.
A promising recent result uses WDM channels that are simultaneously switched and routed to
provide a large aggregate bandwidth with manageable power consumptions [31]. To achieve
such a network, one critical element is an optical switch realized using an optical filter capable of
accommodating multiple wavelength channels. Also, considering the large temperature
fluctuations in a realistic on-chip environment (up to tens of degrees), the optical filter has to be
temperature insensitive [32].

In previous studies, both single- and coupled-resonator filter architectures implemented in the
silicon-on-insulator (SOI) platform have been reported [32-34]. 20 wavelength channels were
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simultaneously switched using a single microring resonator [33]. However, since the filter
channels are narrowband (3dB bandwidth ~ 0.1 nm), small temperature shifts can easily cause
the wavelength registration problem. To solve this issue, coupled-resonator structures with large
bandwidth filter channels were utilized to provide extra thermal guard band [32, 34]. However,
these coupled-resonator filters suffered from large free-spectral-range (FSR), which makes
scalability to large WDM channel counts challenging. As a result, only 9 and 3 WDM channels
were reported in [32] and [34], respectively.

In this report, we show temperature-insensitive filters utilizing resonators with smaller FSR,
which allows a more manageable optical bandwidth. The adverse effect of small FSR is the
proportional reduction of the individual filter channel bandwidths, resulting in insufficient
thermal guard band. Here we show that by employment of a negative thermo-optic coefficient
(TOC) polymer overlay on the silicon device layer, the temperature dependence of the filter can
be significantly reduced, and temperature-insensitive performance is thereby achieved.

Device Design

The structure investigated in this letter is a symmetric third-order coupled-resonator filter as
shown in Fig. 27(a), where xy’, x1° denote the power coupling ratios between the end resonator
and the access waveguide and that between the adjacent resonators. In order to minimize the
impact of the strong material dispersion of silicon, the FSR of the filter has to be as small as
possible. Since the target 3-dB bandwidths of filter channels are on the order of 1 nm to
accommodate wideband wavelength channels (e.g., 100 Gb/s), an FSR around 5 nm is
empirically found appropriate to provide the necessary bandwidth and adequate channel
isolation. To obtain a flat-band response, x»> and x1° have to satisfy certain relationships. For
example, in the narrowband filter design, x1%/x,~1/8 is required while in the wideband filter
design the exact ratio of x1%/x,” may be different [34]. Therefore, for flat-band design, x* and
k1% should follow a similar wavelength dispersion curve.
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Fig. 27. (a) Schematic of the third-order filter; (b) power coupling ratios of the synchronous parallel waveguide
couplers with different gaps and coupling lengths: x,° (gap 160 nm, length 4.4 pm), &, 2 (gap 300 nm, length 10.2
um) and &% (gap 300 nm, length 5.2 um); (c) three simulated filter channel responses with power coupling ratios &
and x;° provided in (b).

In this work, resonators and waveguides are evanescently coupled to each other. The design
approach consists of two aspects, the first being the broadband coupling engineering and the
second being the temperature insensitive design. Initially, the waveguide dimensions are
optimized to fine-tune the thermal property of the filter. We use a waveguide with a height of
144 nm and a width of 425 nm covered with a top polymer cladding to achieve athermal
response exactly at 1.5 um. The choice of this wavelength for the athermal operation will be
elaborated later. Since we are targeting multiple filter channels (~20) over a wide wavelength
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range (~100 nm), the resonator’s coupling to the access waveguides and the adjacent resonators
needs to be optimized to achieve a wideband coupling performance. In this regard, a microring
performs significantly better than a racetrack due to its effective shorter coupling length under
fixed FSR and power coupling ratio. While a detailed comparison could be performed through 3-
dimensional finite-difference time-domain (FDTD) simulations, here we adopt a simpler
approach where the coupling region of two coupled structures is modeled by a parallel
waveguide coupler with the same gap and an equivalent coupling length [35]. Fig. 27(b) shows
the simulation results for the dispersion of the power coupling ratios of a synchronous parallel
waveguide coupler (with the mentioned waveguide dimension) for different values of gaps and
coupling lengths. The upper two curves correspond to couplers with identical power coupling
ratios at A=1.55 um, but the one with a shorter coupling length exhibits less dispersion over the
wavelength range 1.5 um-1.6 um. This observation leads us to use microrings with radius of 21
um (instead of racetracks) for the filter design. Following the procedure outlined in [34] which
uses the synchronous parallel-coupler model, the waveguide-resonator and resonator-resonator
gaps are found to be 160 nm and 300 nm, resulting in an equivalent coupling length of 4.4 um
and 5.2 um, respectively. & 2and x1° are shown accordingly in Fig. 27(b) by the upper solid line
and the lower solid line, respectively. The condition for flat-band response is also verified in Fig.
27(b), where xp* shows a similar dispersion compared to x3°. Using these parameters for the
device, the overall filter response is obtained through a rigorous matrix analysis [34]. In Fig.
27(c), we show three such filter channels around 1.5 um, 1.55 um and 1.6 um, respectively.
From Fig. 27(c), we observe that: 1) filter responses are reasonably good, and flat-band filter
channels exhibit more than 15 dB extinction in the through port and more than 20 dB out-of-
band rejection in the drop port; 2) the 3-dB bandwidth increases from 0.75 nm at A=1.5 um to
1.5 nm at A=1.6 um, primarily due to the material dispersion impacting x 2 and i as seen in
Fig. 27(b); 3) the bandwidth of the filter channels increases with wavelength, and the finesse of
the filter decreases and consequently, the out-of-band rejection becomes smaller (more than 30
dB at 1.5 um and only 20 dB at 1.6 um) ; 4) the through port responses are improved at longer
wavelengths, indicating a better impedance match among coupled resonators and the end
waveguides.
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Fig. 28. (a) Illustration of extra channel bandwidth as thermal guard band (hatched region); CB: filter channel
bandwidth; SB: signal information bandwidth; (b) cross section of the waveguide structure on an SOI substrate with
a polymer cladding; (c) the left axis shows the wavelength temperature dependence of the filter, and the right axis
shows the thermal guard band for 100 Gb/s wavelength channels.
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Following the efficient broadband coupling engineering, we proceed to the second aspect of the design for
temperature insensitive operation. Fig. 28(a) shows the concept of thermal guard band. The solid curve
shows the optical filter passband response, and the solid filled rectangle shows the input optical signal
information bandwidth, which can be as large as the 3-dB bandwidth of the filter channel [30], [33]. The
remaining spectral portion shown by the hatched region illustrates the available thermal guard band. Our
design for the temperature insensitive filter centers the complete athermal operating point at the
wavelength channel with the smallest bandwidth (in our case this is at A =1.5 um). This ensures that
throughout the entire working wavelength range, the overall available thermal guard band is
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Fig. 29. (a) Measured transmission responses for the fabricated filter; (b) scanning-electron micrograph of the
fabricated filter; (c) detailed measured spectra of three representative channels. The dotted lines show the through
port responses after 10°C temperature rise.

optimally utilized. To achieve this, we overlay the silicon device with an acrylate polymer (see
Fig. 28(b)) with a refractive index close to the oxide (n=1.45) and a large negative thermal-optic
coefficient of -4.5x10™/K [28]. To increase the overlap between the optical field and the polymer
cladding, the silicon device layer is thinned down to 144 nm, and the required waveguide width
is calculated to be 425 nm for complete athermal operation at A=1.5 um. Fig. 28(c) shows the
simulated temperature dependence of the filter over the entire working wavelength range, which
increases from 0 pm/K at A=1.5 um to 23 pm/K at A=1.6 um. To illustrate the operation of our
filter, we consider the following scenario: if the filter is used for wavelength channels modulated
at 100 Gb/s data rate, at A=1.5 um the available guard bandwidth is small (3dB bandwidth 0.75
nm) but due to the centering of athermal operation to this wavelength, the filter channel shifts
very little with the temperature. At the other end of the filter operation at A=1.6 um the filter
channel has a relatively large temperature dependence of -23 pm/K, but it also has a large
available guard band of 0.75 nm (3 dB bandwidth 1.5 nm), thus allowing for +/- 15° C
temperature fluctuations (see Fig. 28(c)). For lower data rate signals, even larger temperature
fluctuations can be tolerated.

Device Fabrication and Experimental Results

The device is fabricated on an SOI wafer with a 144 nm thick silicon layer on top of a 3 um thick
buried oxide substrate. The devices are patterned using a JBX-9300FS electron beam lithography
system, followed by plasma etching and spin coating the polymer cladding on the top surface.
Details of fabrication and characterization are referred to [34] and [28].

Fig. 29(b) shows the scanning-electron micrograph of the fabricated device, and Fig. 29(a)
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shows its measured transmission. 21 filter channels with more than 10 dB through-port
extinction and 20 dB drop-port out-of-band rejection are obtained. The insertion loss of the filter
can be estimated by the difference between the maxima of the through and drop ports to be less
than 1 dB. In Fig. 29(c) we show three representative filter channels at wavelengths 1.5 um, 1.55
um and 1.6 um, respectively. In comparison with the simulation results shown in Fig. 27(c), the
3-dB bandwidths agree well with the design, being 0.75 nm, 1.12nm and 1.5 nm for the
corresponding channels. The out-of-band rejections in the drop port at lower wavelengths are
limited to 22 dB, which are predicted to be higher in Fig. 27(c) (>25 dB). This deviation is
believed to arise from the limited dynamic range of our measurement setup which has a
relatively large noise floor. The reduction of the out-of-band rejections at longer wavelengths, as
seen for the filter channels near A=1.6 um, is expected and in agreement with the theory. The
through port responses are a little degraded from the design, as the extinction drops to 10 dB at
A=1.5 um instead of 15 dB, and the shape is also deformed. This is because the through port
responses are very sensitive to the resonance frequency mismatches between the coupled
resonators [35], which can be easily caused due to the imperfect fabrication processes.

The temperature behavior of the filter is also tested by heating the device using a thermal
stage and measuring the transmission [28]. In Fig. 29(c) the corresponding through port
responses after 10°C temperature rise are shown in dotted lines (deliberately moved down 3 dB
for better illustration). We can verify that the filter is indeed athermal at A=1.5 um, and has
wavelength temperature dependences of -12 pm/K and -25 pm/K at wavelengths 1.55 um and
1.6 um, respectively. This is a significant improvement compared to conventional unclad filters
(~70 pm/K) [32].

In conclusion, we have demonstrated a temperature-insensitive wideband filter for on-chip
Tb/s interconnects. In future, we envision addition of active switching functionality to the filter
through carrier injection (either all-optically or electrically) and a high-performance switch with
a switching speed on the order of nanoseconds is expected [32]. Such a wideband, temperature-
insensitive optical switch would be a critical building-block component in future on-chip optical
networks.

11.D Sub-wavelength Coherent Imaging of Silicon Microdisk Cavities using a Novel
Dispersive Near-field Probing Technique

High quality factor and small mode volume of microdisk cavities have made them very attractive
for a wide variety of applications including sensing, nonlinear optics, low threshold lasing, and
cavity quantum electrodynamics. In most of these applications where the interaction of the
optical modes of the micro resonator and an external perturbation at the proximity of the
resonator is required, knowing the near filed profie of the cavity mode is essential. For this
purpose, we have developed a technique for sub-wavelength near-field imaging of the optical
modes in microdisk cavities by measuring the effect of a small perturbation (caused by the
scanning AFM tip) on the transmission amplitude and phase of the coupled waveguide microdisk
cavity. Different effect of the perturbation caused by the AFM tip on the optical modes in the
cavity (i.e. loss, resonance shift, mode coupling) and their effect in the transmission amplitude
and phase of the system are studied. The experimental results confirm that the primary factor that
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contributes to the change in the transmission amplitude and phase is the shift in the resonance
wavelength of the cavity caused by the perturbation.

Conventional Near-field scanning optical microscopy (NSOM) techniques are based on the
coupling of light from the evanescent field of the optical modes to the collecting filer, through
the NSOM sub-wavelength aperture probe. The spatial resolution of this technique is limited by
the relatively large size of the aperture which is required to couple sufficient power to the NSOM
probe. Furthermore, in the case of high Q cavities, the large NSOM probe significantly perturbs
the optical modes of the cavity and makes it impossible to measure the actual mode profile of the
resonant mode of the cavity. As an alternative technique, the aperture-less NSOM technique has
been proposed that is based on the far-field collection of the light scattered from a sub-
wavelength perturbation in the near-field region of the desired mode [8]. Aperture-less NSOM
technique has also been used to characterize the mode profile of the guided mode in an optical
waveguide by measuring the transmission loss of the waveguide instead of the scattered light
power [9]. In this work, we present an alternative technique for the characterization of the mode
profile of high Q cavities based on the effect of small perturbations on the transmission
amplitude and phase of a coupled waveguide-cavity system. The small perturbation in this case
is a small AFM tip that scans the surface of
the cavity and is modeled by a small

dielectric perturbation on the surface of the Air LN
cavity. The schematic of this is shown in Si -»
SiO,

figure 30. The perturbation of the cavity
mode caused by the tip affects the cavity in

three different ways namely; 1) Increasing the
microdisk cavity loss due to the scattering and
absorption through the perturbation. 2)
Shifting the resonance wavelength of the

cavity due to the small refractive index change, 3)
Coupling the degenerate clockwise and
counterclockwise modes inside the microdisk
cavity that leads to mode splitting [10]. Although
all of these factors affect the coupled waveguide-
cavity transmission amplitude and phase at the
same time, and their effects scale with the cavity
mode field intensity at the perturbation position,
nevertheless, their effects are completely
different and depend on the cavity quality factor,
the waveguide-cavity coupling and the detuning
of the input laser wavelength from the resonance
wavelength of the unperturbed cavity.
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Figure 30 (left) Schematic of the experimental set up. Light is
coupled into and out of the structure through two tapered fibers.
A scanning AFM tip is used as a controllable perturbation. (right)
The cross section of the electric field profile of a forth order
radial mode in a microdisk cavity simulated using finite element
method.
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To experimentally investigate the effect of a small perturbation on the optical modes in a micro-
resonator, a microdisk cavity with a diameter of 40um is fabricated on an SOI substrate. The
thickness of the silicon slab layer is 230 nm. The light is coupled to the microdisk cavity through
a waveguide and coupling between the
waveguide and microdisk cavity is adjusted to 13
obtain close to critical coupling [11]. Figure 31
shows the transmission of the microdisk cavity
for TE polarization (Main components of E field
is in the plane of the resonator) in a small
wavelength range around the microdisk
resonance mode at A=1529.71 nm. The resonant

mode of the unperturbed cavity has a loaded Q 16 1""x Scan (.5{9., 22 247"
(i.e., Q after coupling to the waveguide) of
233,000 that correspond to a resonance line width
of 6.56 pm. The phase response of the cavity is
also shown in Fig 6 and is obtained by
heterodyne detection of the output signal. Taking
the amplitude and phase information together, we
estimate that under-coupled case where the .
coupling Q (i.e., Q.=796,000) is larger than the 16
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mode.

Figure 32 shows the change in the transmission phase and amplitude as the AFM scans the
surface of the microdisk cavity in radial direction. The interaction between the AFM tip and the
optical mode in the microdisk cavity depends on the electrical field intensity at the tip position.
As it can be observed from Figure 32 the resonant mode is a fourth-order radial mode. The effect
of AFM tip perturbation on the coupled waveguide-cavity device is mainly causing a positive
phase shift and a reduction in the transmission amplitude. Considering the fact that the input
laser is red shifted with respect to the unperturbed resonant mode of the cavity (refer to Figure
31), these changes in the transmission amplitude and phase are mainly contributed by a red shift
in the resonant mode of the cavity caused by the AFM tip perturbation. If the loss due to
scattering and absorption was the major effect it should have resulted to an increase in the
transmission amplitude and a reduction in the transmission phase (caused by the reduction in the
intrinsic Q of the cavity). The amount of the shift in the cavity resonant is proportional to the
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electrical field intensity at the tip position. The maximum shift appears when the tip is at the
position corresponding to the maximum field intensity of the main resonant mode lobe. The
amount of the wavelength shift can be calculated from both amplitude and phase responses and
in both cases result in very similar shifts of about 1.25 pm. The proposed technique provides a
powerful tool for the investigation of optical modes of microdisk resonators with sub-wavelength
(~ 20nm) spatial resolution. Moreover, the proposed technique could be a useful tool for
studying near-field interaction with a perturbative particle in the proximity of the resonator.

I1.E Small disk Si microresonators

In many Si photonics applications where features such as compactness, smaller mode volume,
larger FSR, and single resonance mode condition over the FSR range are required, the resonator
dimensions need to be shrunk. This is especially important for the large-scale dense photonic
integration of many resonator-based functionalities and devices. A major problem with microring
and racetrack resonators is that at very small bending radii, the inner sidewall of the resonator
forces the mode energy distribution out of the resonator, resulting in more energy leakage and
the presence of fabrication imperfections at two sidewalls of the microring and racetrack
degrades the Q. In contrast to a microring or a racetrack, a microdisk resonator has only one
sidewall and therefore the Q suffers less from fabrication imperfections.

@) 4 (b) ;

Air —

Sio

Figure 33 The cross sections of the simulated electric energy distributions of (a) the 1% and (b) the 2" radial order mode
of a silicon microdisk resonator with a radius of 1.4xm and a thickness of 200 nm. The resonance wavelengths of the
modes are around 1550 nm, and the corresponding azimuth mode numbers are 11 and 8 for the 1% mode and the 2™
mode, respectively. The polarization considered is TE (electric field is predominantly in the plane of the disk).

During this period of the PECASE, we investigated in detail the ultimate size miniaturization of
Si microdisk resonators as well as their potential as building block elements for dense integrated
photonics.
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Figure 34 (a) SEM image of a microdisk resonator with a radius of 1.53um coupled to a waveguide with a width of
400 nm. The gap between the waveguide and the resonator is ~ 210 nm. The thickness of the Si microdisk is 230 nm
and there is a thin HSQ layer with a thickness of ~ 60 nm on top of the microdisk and the waveguide. (b) Transmission
spectrum of the resonator showing the 1% radial order TE mode. (c) Detailed resonance spectrum of the 1% radial mode
of this resonator, which shows resonance splitting. By fitting theory to experiment, the intrinsic Qs =~ 110,000 and
88,000 were obtained for the two standing-wave modes. The value of the coupling Q ~ 99,000 in the fitted data is close
to the calculated value from coupled-mode theory. The azimuth harmonic mode of this mode is m=12 and its mode
volume is ~ 0.15 (10)° = 6.3 (A4/n)° with n = 3.475.

The first thing we noticed through simulations was that by adjusting the radius and the thickness
of the microdisk, the higher-order radial modes are strongly suppressed because of their radiative
leakage, thereby resulting in a pure single- mode operation for a very wide wavelength range. As
an example, figures 33(a) and 33 (b) show the cross sections of the electric energy of the 1 and
the 2" radial order modes with a TE polarization (electric field is predominantly in the plane of
the disk) for a microdisk resonator with a radius of 1.4um and a thickness of 200nm. As shown
in this figure, the 1% order mode is a confined mode, while the 2" order mode is strongly
radiative. We fabricated small microdisk resonators with radii ranging from 1.5 to 2um to
experimentally study their performance. We considered a range of Si device layer thicknesses
from 210 to 235 nm. Figure 34(a) shows the SEM image of a microdisk resonator with a radius
of 1.53um coupled to a straight ridge waveguide with a width of 400 nm. Also, figure 34(b)
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shows the transmission spectrum of this resonator for which one resonance mode with a pretty
strong extinction is seen over the entire FSR range. This resonance mode is the 1% radial order
TE mode, and the theoretical simulations accurately predict the azimuth mode number m=12.
From the simulations, the FSR and the mode volume of this mode are FSR =~ 70 nm and 6.3
(Cd/n)* (with n = 3.475), respectively. Figure 34(c) shows a zoomed view of the resonance mode
spectrum showing the resonance splitting as a result of coupling between the CW and CCW
modes and the occurrence of two standing-wave modes. By fitting the experimental data to
theoretical simulations, the device parameters were extracted (see inset of Figure 34(c)). From
the fitting results, the intrinsic Qs ~ 110,000 and 88,000 for the two standing-wave modes of the
resonator were obtained. These are the highest Qs reported for such a small Si microdisk
resonator (with a radius of 1.53um) on a SiO, substrate in a SOI platform. We believe that by
further optimizing the fabrication process, the Q can be improved by at least a factor of two.

The feasibility of such an ultra-compact high Q resonator as a building block component for
dense integration was investigated by designing and fabricating a series of single and coupled-
resonator add-drop filters. The coupling coefficients in the filters were obtained from the
temporal coupled-mode theory. The resonance frequency and mode profiles of the resonator was
calculated and incorporated into the coupling integral equation to find the required optimal gaps
between the resonators for the required coupling coefficients. Figure 35(a) shows the drop port
spectrum of a single-resonator add-drop filter with an FSR =~ 57 nm. The inset shows the SEM
image of the filter made of an oxide-clad microdisk with r =2 xm and thickness 230 nm. A
linewidth of 50 pm was measured for this filter. Figure 35(b) shows the drop port spectrum of a
2" order filter made of two resonators with the same dimensions as the one in figure 35(a). As
can be seen from both figure 35(a) and (b), all the higher order modes are in the noise floor.
Figure 35(c) shows the detailed spectrum of the drop and through ports of the filter shown in
figure 35(b). A 3-dB bandwidth of 0.4 nm was obtained for this filter and more than 10 dB
extinction was obtained for the through port. From theory, the expected extinction is more than
60 dB. However, the resonance misalignment of the individual resonators and changes in the
gaps introduced by fabrication imperfection have limited the through port extinction.
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Figure 35. The drop port spectrum of (a) 1% order and (b) a 2™ order filter with an FSR=57 nm. The insets in (a) and (b) show
the SEM images of the fabricated filters. The waveguide width and thickness are 400 nm and 230 nm respectively. The
employed microdisk resonator has r=2 gm with an inner hole with r=0.6 xm perforated at its center. In (a), the gap between the
waveguide and the resonator is 240 nm. In (b), the gap between the waveguide and resonator is 100 nm and between the
resonators is 350 nm. (c) Detailed spectra of drop and through ports of the filter in (b).

As a further step in this feasibility study for large-scale photonic integration, we designed and
fabricated ultra-compact optical filter banks made of add-drop filters. This is shown in figure 36
(a) where there is one input bus waveguide for all the resonators, and each resonator has its own
drop port. The sizes of the resonators are adjusted to have different resonant wavelengths. In this
filter bank there are six Si microdonut resonators with a thickness of 230 nm and external radii
varying from 1.92 um to 1.97 um, with a radial step change of 10 nm. From the theoretical
simulations, a 10 nm change in the radius of these resonators results in a ~ 6 nm shift in the
resonance wavelength. Figure 36(b) shows the SEM image of one of the add-drop structures in
the filter bank and figure 36(c) shows the transmission spectrum of the drop ports of the filter
bank. As can be seen, all the channels are almost equally spaced in the spectrum. For these
channels, linewidths in the rage 50 pm to 100 pm were obtained. The key advantages of such a
filter bank architecture using such small high-Q microdisk resonators are as follows: (i) The
individual resonators in the filter are high Q. As a result, each filter in the filter bank can be low
loss with very narrow linewidths. (e.g. for a Qo =100,000 and Q. = 10,000, the filter has a loss ~
0.4 dB and a linewidth of 0.3 nm at 1550 nm).(ii) More filter channels could be accommodated
within the large FSR and (iii) External and internal radii of the microdonut resonators in the filter
bank can be utilized to tune the wavelength resonances. In the future, we anticipate the small
radii microdisk resonators to become universal building blocks for VLSI dense photonic
integrated circuits in SOI.
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(c) Measured transmission of the drop ports of the array shown in (a). The FSR is ~57 nm and the spectral linewidth
was desianed to be in the range of 50 to 100 pm.
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